Depth profiling has been rarely used with secondary ion mass spectrometry (SIMS) of organic materials, because the primary keV atomic ions produce weak signals for large molecules and often damage them during the etching process. In previous studies, we have found extremely low-damage secondary ion emission from organic materials bombarded with large Ar cluster ions, and proposed to use large gas cluster ions as primary ions for SIMS. In this study, secondary ions were measured with a linear type time-of-flight (TOF) technique, and the application of large Ar cluster ion beams to molecular depth profiling of organic films is demonstrated. The intensities of molecular ions were kept constant, though the primary ion beam fluence exceeded the static SIMS limit. These results indicate that large Ar cluster ion beams could be used as powerful tools for SIMS depth profiling.
INTRODUCTION
Surface analytical methods using quantum beams have been developed and used widely in industrial applications. Among them, SIMS has been widely used in surface and interface analysis of various materials. In depth profiling, the sample surface is generally etched with a beam of keV atomic ions, and a sputter crater is formed by the primary ion beam, which is rastered over an area larger than the beam diameter. However, for organic materials, SIMS depth profiling has been rarely used because primary beams damage them and molecular ion signals decrease with increasing ion fluence [1] [2] [3] [4] . An upper limit of incident ion fluence can be determined by the damage, and the fluence is estimated to be about 1×10 12 -1×10 13 ions/cm 2 per spectrum [2] [3] [4] . This dose is well known as the static SIMS limit. Almost no information on organic materials can be expected under SIMS depth profiling.
Recently, a number of reports have indicated that cluster ions such as C 60 + [5] , Au 3 + [6] and Bi 3 + [7] enhance secondary ion yields and the damage to the materials is reduced compared to atomic ions. However, organic materials are also damaged by these cluster ion beams during the etching process, and for most cases, SIMS depth profiling of organic materials has not been achieved yet. On the other hand, we have proposed to use large gas cluster ions as primary ions for SIMS [8, 9] . In previous studies, we found low-damage secondary ion emission for amino acid and peptide films with large Ar cluster ions [9, 10] . The relative yields of the fragment ions decreased drastically with increasing incident cluster size, and fragment ions were rarely observed at an incident energy-per-atom of a few eV. These results indicated that large cluster ion beams could be very suitable for SIMS depth profiling for organic materials.
If the ultra-low damage etching process were accomplished for organic materials by using large cluster ion beams, SIMS depth profiling could become an innovative tool for investigating a variety of organic multilayers, such as polymer coatings and organic light emitting diodes. In this study, we demonstrate applications of large Ar cluster ion beams to molecular depth profiling of organic materials.
EXPERIMENTAL
Large Ar cluster ions were produced by a gas cluster ion beam (GCIB) apparatus; the details of the GCIB technique and equipment were described elsewhere [11, 12] . Secondary ion measurements were carried out using the small type of GCIB apparatus. The schematic experimental setup for the SIMS instrument is presented in Fig. 1 . The instrument consists of a source chamber, an ionization chamber and an analytical chamber. The incident energies of Ar cluster beams were between 8 and 13 keV. The current and diameter of the beams were about 10 nA and 0.2 mm. The mean cluster size used in the SIMS study was 700 atoms/cluster. The primary ion beam was incident on a solid target at an angle of 45° with respect to the surface normal. Secondary ions were extracted with kinetic energy of 2 keV and detected with a microchannel plate (MCP) set on the axis of the surface normal. Secondary ion spectra were obtained with a time-of-flight (TOF) technique combined with the double deflection method [9] . The times of the secondary-ion chopping and detection were respectively used as the start and stop signals for the TOF measurement. The pulse repetition rate of the primary and secondary ion chopping was 1000 Hz. All spectra were obtained in 10 s and the mass resolution (m/∆m) was about 200. In the etching process, a continuous Ar cluster ion beam was raster-scanned over an area of typically 4 × 7 mm 2 by the scanning deflector installed just in front of the sample holder ( Fig. 1 ), whereas in SIMS analysis, a pulsed Ar cluster beam was raster-scanned over an area of typically 0.4 × 0.7 mm 2 to avoid the edge effect. The base and working pressure in the analytical chamber were 2×10 -5 and 1×10 -3 Pa, respectively.
The amino acid and polymer materials employed in this study were arginine (Arg, C 6 H 14 N 4 O 2 , Molecular weight (Mw) = 174.2 u), leucine (Leu, C 6 H 13 NO 2 , Mw =131.2 u) and polystyrene (PS, Mw = 25000) powders, all obtained from Nacalai Tesque (Kyoto, Japan). Arg and PS were dissolved in ultrapure water and toluene as 1 and 2 wt% solutions, respectively. The thin film samples of Arg and PS were prepared by spin-casting on clean silicon wafers (10 × 10 mm) that were previously sonicated in ultrapure water, acetone and isopropyl alcohol. The spinning speeds for Arg and PS were 6000 and 3000 rpm, respectively and spin times were between 30 and 60 s. The thin Leu films were prepared by thermal evaporation on clean silicon wafers in a vacuum of 2 × 10 -3 Pa. The deposition rate was monitored with a quartz crystal microbalance and was kept constant at 0.5 nm/s. Each film thickness was estimated from the depth of the etching crater by using a contact surface profiler (ULVAC, Dektak3) after measuring the SIMS depth profiles. Protonated molecular ions of the repeat unit C 8 H 9 + (m/z 105) were also detected for PS. For example, in the case of Arg, the yields of Arg+H + were extremely low compared to those of typical fragment ions when relatively small cluster ions (Ar 300 ) were incident. This result was similar to that observed for amino acids under the incidence of keV-energy Ar + ions [13, 14] , and similar results were obtained for Leu and PS samples.
RESULTS AND DISCUSSION
On the other hand, with increasing incident size of Ar cluster ions, the appearance of the spectra changed dramatically. Spectra under the incidence of Ar 1500 ions are shown in Fig. 2 (b), (d) and (e). In this case, the incident energy-per-atom was below 10 eV/atom, and the same incident energy-per-atom condition corresponds to the same incident velocity condition. The intensities of fragment ions decreased with increasing incident cluster size or decreasing incident velocity compared to those of Arg+H + , Leu+H+ and C 7 H 7 + ions, respectively. From the results presented in Fig. 2 , it was assumed that slow and large cluster ions could effectively ionize organic samples with low damage.
Next, we measured the secondary ion intensities for the Arg film target after etching with large Ar cluster ions. Figure 3 shows the intensities of Arg+H + and CH 3 N 2 + ions as a function of incident Ar cluster ion fluence. The incident energy of the Ar cluster ions was 8 keV, and the continuous beam current was 12 nA. In this study, as incident Ar cluster ions were not size-selected before sample irradiation, various sizes of Ar cluster ions were irradiated during both the etching phase (continuous beam) and SIMS analysis phase (pulsed beam). During SIMS analysis, only the secondary ions produced from Ar 700 ions were detected by using the secondary ion chopper installed between the sample holder and the MCP, as shown in Fig. 1 . The Arg+H + intensity decreased a little with increasing incident ion fluence at the low fluence region (<5×10 13 ions/cm 2 ), and remained constant until the fluence reached a value of 5.5×10 14 ions/cm 2 . On the other hand, the signals of the molecular ions decreased rapidly with increasing fluence, when keV atomic ions were incident on organic materials [1] [2] [3] [4] . The initial decrease observed in this experiment is well known in SIMS measurements, and it seems to indicate the damage accumulation from the primary beam irradiation [1] [2] [3] [4] . The ratio of the intensity for steady state to that for the static SIMS condition decreased to 50% at most, and this result indicates that the Arg film was less damaged by large Ar cluster ion irradiation compared to general etching beams. On the other hand, the initial decrease in the CH 3 N 2 + intensity was rarely observed, and this intensity was nearly constant until the interface was reached; it decreased rapidly at approximately the same fluence that the Arg+H + intensity began to decrease.
The thickness of the Arg film was estimated from the depth of the etching crater, and was determined by averaging at least five data points obtained from the contact surface profiler. From the data, the thickness of the Arg film was 180 nm. To convert the fluence to depth, a linear relation between fluence and etching depth must be confirmed. The linear dependence between etching depth and incident Ar cluster ion fluence has been obtained for a thick leucine film (3.5 µm) in our previous report [15] . In general, the depth resolution for SIMS depth profiling corresponds to the distance over which a change in signal from 84% to 16% is measured. From the 84-16% interface width, the depth resolution was estimated to be about 40 nm. Furthermore, approximately three orders of magnitude of dynamic range were achieved in these experiments, and the dynamic range was considered to be sufficient for SIMS depth profiling for organic materials. These results indicate that the Ar cluster ion beams can etch the arginine film without serious damage. Therefore, it could be concluded that large cluster ion beams could become a powerful tool for SIMS depth profiling for organic materials.
SUMMARY
Secondary ions were measured for arginine, leucine and polystyrene targets bombarded with 8 and 13 keV Ar cluster ions. The relative yields of fragment ions decreased with increasing incident cluster size or decreasing incident velocity compared to those of Arg+H + , Leu+H + and C 7 H 7 + ions. The intensity of secondary ions produced from the arginine thin film target kept constant with increasing incident ion fluence, until the interface was reached. Approximately three orders of magnitude of dynamic range were also achieved. The main conclusion of this study was the observation that Ar cluster ion beams etch organic materials with extremely low damage. The results have proved that Ar cluster ion beam etching has great potential for depth profile analysis of organic materials, and further development of this technique could contribute to various fields in life sciences, such as biochemistry, pharmacy and medical science. 
